Effect of time and pH history on arsenic removal by granular iron hydroxide media by Gurian, Patrick L. et al.
 
 
 
 
 
 
 
 
 
 
 
 
 
College of Engineering 
    
      
 
Drexel E-Repository and Archive (iDEA) 
http://idea.library.drexel.edu/   
 
 
Drexel University Libraries 
www.library.drexel.edu
 
 
 
 
 
 
 
 
 
 
 
The following item is made available as a courtesy to scholars by the author(s) and Drexel University Library and may 
contain materials and content, including computer code and tags, artwork, text, graphics, images, and illustrations 
(Material) which may be protected by copyright law. Unless otherwise noted, the Material is made available for non 
profit and educational purposes, such as research, teaching and private study. For these limited purposes, you may 
reproduce (print, download or make copies) the Material without prior permission. All copies must include any 
copyright notice originally included with the Material. You must seek permission from the authors or copyright 
owners for all uses that are not allowed by fair use and other provisions of the U.S. Copyright Law. The 
responsibility for making an independent legal assessment and securing any necessary permission rests with persons 
desiring to reproduce or use the Material. 
 
 
Please direct questions to archives@drexel.edu
 
Effect of Time and pH History on Arsenic Removal by Granular Iron 
Hydroxide Media 
 
Arun Kumar, Graduate Research Assistant, Department of Civil, Architectural and 
Environmental Engineering, Drexel University, 3141 Chestnut Street, 
Philadelphia, PA  19104, U.S.A.; ak385@drexel.edu 
 
 
Mak Sarich, High School Student, Central High School, Ogontz & Olney Avenue, 
Philadelphia, PA  19141, U.S.A.;  makattak7@aim.com 
 
 
Patrick L. Gurian, Assistant Professor, Department of Civil, Architectural and 
Environmental Engineering, Drexel University, 3141 Chestnut Street, 
Philadelphia, PA  19104, U.S.A.; pgurian@drexel.edu 
 
 
Teresa Montoya, The University of Texas, El Paso, 500 W. University Ave., El Paso, TX 
79968, U.S.A.; tmontoya2@utep.edu 
 
 
ABSTRACT  
 
Granular iron hydroxide (GIH) adsorbents are widely used for arsenic removal and have 
been reported to operate more than 1.5 years without any regeneration. During this 
prolonged operational period the iron hydroxide may shift towards more stable crystalline 
forms that have less affinity for arsenate. The objectives of this research work were to 
study the effect of extended GIH media storage and shifts in pH on its arsenic removal 
effectiveness. Batch adsorption studies were conducted by contacting fresh, six- and 
nine-month old granular Bayoxide E33 media (10g/L) with 60,000 μg As (V)/L solution 
at pH 4 and pH 7. For 1 day batch equilibrium time, arsenate adsorption capacity was 
observed to decrease by 47 % (from 6.0 mg As/g media to 3.2 mg As/g media) and 83 % 
(from 6.0 mg As/g media to 1.0 mg As/g media) for nine-month old media in batch 
studies, conducted at initial pH 4 and 7, respectively. Further, pH adjustment had little 
impact on the arsenate adsorption capacity of the fresh media, but did show some 
indications of restoring capacity to the older media. For 15 days equilibrium time, the 
arsenate adsorption capacity was increased by 100 % (from 2.7 mg As/g media to 5.4 mg 
As/g media) and 27 % (from 2.6 mg As/g media to 3.3 mg As/g media) for six- and nine-
month old media, respectively. The results obtained in this research indicated that the 
arsenate adsorption capacity of GIH media may decrease during prolonged media use. In 
addition, shifts in pH have the potential to offer a means of prolonging media life by 
redeveloping fresh surface sites with high affinity for arsenate. 
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INTRODUCTION  
 
Granular iron hydroxide (GIH) media has been reported to provide more than 200,000 
bed volumes of treated water with aqueous phase arsenic concentration below 10 μg As/L 
for more than 1.5 years of operation without any regeneration [1]. During this prolonged 
operational period the crystalline structure of the iron hydroxide may shift towards more 
stable forms (i.e., goethite or hematite) that have less affinity for arsenate [2, 3]. Fuller et 
al. [3] reported an 18 % reduction in arsenate adsorption capacity of ferrihydrite (from 
0.1 mol As/mol Fe to 0.082 mol As/mol Fe) after 5 days of media aging in adsorption 
experiments (conditions: pH 8, 1 mM As(V), 5 mM Fe3+, sampling at 150 h after arsenate 
addition). 
 
 
The rate of iron-oxide phase transformation depends on different parameters such as 
solution pH, temperature, presence of co-solutes (anionic, cationic, or organic matter), 
etc. [2, 4-7]. The solution pH primarily controls the rate and products of the iron-oxide 
transformation process [2, 4]. In general, ferrihydrite transforms to goethite at pH values 
below 4 and above 12 and to hematite at intermediate pH levels between 7 and 8 [2, 4]. 
The objectives of this research work were to study the effect of extended GIH media 
storage and shifts in pH on its arsenic removal effectiveness in batch experiments. Shifts 
in pH have the potential to partially re-dissolve the iron phase and subsequent re-
neutralization may result in re-crystallization of the iron hydroxide, potentially offering a 
means of redeveloping fresh surface sites with high affinity for arsenate.  
 
 
MATERIALS AND METHODS 
 
1. Arsenate Adsorption by GIH Media in Batch Studies 
 
Granular Bayoxide E33 media1, a commercially available iron oxide (FeOOH) media 
obtained from El Paso Water Utilities, was used in batch adsorption studies. To study the 
effect of media age on arsenate adsorption capacity of GIH media, batch studies were 
conducted using media of three different media ages: T0, T6, and T9 months, where 
subscripts indicate the additional media age in months after its receipt at T0 months. For 
every batch adsorption study, 10 g/L Bayoxide E33 media (i.e., 2g wet media in 200 mL 
solution) was contacted with de-ionized water containing 60,000 μg As (V)/L for three 
different equilibrium times: 1 day, 8 days, and 15 days. Sodium arsenate 
(Na2HAsO4.7H2O) was used to prepare arsenic solution. For every equilibrium time, 
batch studies were conducted at two different initial pH conditions: (a) pH 4, and (b) pH 
7.  
 
 
To study the effect of pH adjustment on arsenate adsorption capacity of GIH media, 
batch adsorption studies were conducted by contacting 10 g/L Bayoxide E33 media of 
three different media ages: T0, T6, and T9 months to de-ionized water containing 60,000 
                                                 
1 Bayoxide E33, Severn Trent, Fort Washington, PA. 
 2
μg As (V)/L. pH adjustments were made with concentrated NaOH and HCl (see Results 
section for details on the pH values and equilibrium time used).  
 
2. Analytical Methods 
 
For every batch adsorption study, samples were filtered immediately through a membrane 
filter (0.45-μm nominal pore size) after the completion of the experiment and preserved 
at 4°C using nitric acid until arsenic analysis. Arsenic analysis was done using the EPA 
600 Method 200.8 [8]. 
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Figure 1. Effect of media age on equilibrium arsenate adsorption densities of 
Bayoxide E33 media at two different initial pH conditions: (a) pH 4, and (b) pH 7 
(De-ionized water containing 60,000 μg/L As (V), 10 g/L sorbent concentration, 
Equilibrium times: 1 day, 8 days, and 15 days) 
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RESULTS AND DISCUSSION 
 
1. Effect of Media Age on Equilibrium Arsenate Adsorption Capacity of GIH Media  
 
Figure 1 shows the effect of media age on equilibrium arsenate adsorption densities of 
Bayoxide E33 media for three equilibrium times: 1 day, 8 days, and 15 days at two 
different initial pH conditions: pH 4 and pH 7. For a given equilibrium time, arsenate 
adsorption capacities decreased with media age. For example, arsenate adsorption 
capacities at 1 day equilibrium time was decreased by 47 % (from 6.0 mg As/g media to 
3.2 mg As/g media) and 83 % (from 6.0 mg As/g media to 1.0 mg As/g media) after 9 
months of additional media storage (i.e., by 9 months) for batch adsorption studies, 
conducted at initial pH 4 and 7, respectively (Figure 1). The reduction in arsenate 
adsorption capacity over 9 months was higher (~ 43 %) for batch studies conducted at 
neutral pH than at acidic pH.   
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Figure 2. Effect of pH adjustment on equilibrium arsenate adsorption densities at 
two different equilibrium times: (a) 8 days, and (b) 15 days for batch studies 
conducted at initial pH 7 (De-ionized water containing 60,000 μg/L As (V), 10 g/L 
sorbent) 
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2. Effect of pH Adjustment on Equilibrium Arsenate Adsorption Capacity of GIH Media  
 
Figure 2 shows the effect of pH adjustment on arsenate adsorption densities of Bayoxide 
E33 media at two different equilibrium times: 8 days and 15 days. To increase the 
amount of amorphous iron hydroxides, two-step intermediate pH adjustments were made 
during the batch studies. In the first step, solution pH was adjusted to pH 4 on day 1 
(dissolving some of the crystalline iron phase) and then, it was re-adjusted to pH 7 on day 
7 (precipitating the iron in an amorphous form). The pH adjustment had little impact on 
the fresh media, but did show some indications of restoring capacity to the older media. 
For 15 days equilibrium time, the arsenate adsorption capacity of T6-month old media 
was increased by 100 % (from 2.7 mg As/g media to 5.4 mg As/g media) and 27 % (from 
2.6 mg As/g media to 3.3 mg As/g media) for six- and nine-month old media, 
respectively (Figure 2b). In the samples equilibrated for 8 days, a modest increase was 
observed in the nine-month old media and a modest decline in the six-month old media.  
 
 
The pH adjustment could improve adsorption density either by co-precipitating arsenic 
with iron or by creating fresh ferrihydrite with a high affinity for arsenic. To differentiate 
between these two mechanisms an experiment was conducted in which GIH media aged 
for 9 months was adjusted to pH 4 for 24 hours and then re-neutralized, prior to exposure 
to arsenic. This pre-treated GIH sample was then equilibrated with a 60,000 μg/L arsenic 
solution. The arsenate adsorption density of the pre-treated media was 170 % higher (1.0 
mg As/g for untreated media to 2.7 mg As/g for pre-treated media) for 1 day equilibrium 
time. However, no significant improvement in arsenate adsorption density was observed 
for 8 days equilibrium time (from 2.6 mg As/g media to 2.5 mg As/g media). The results 
suggest that the increase in arsenic removal observed after pH adjustment is due to the 
precipitation of fresh ferrihydrite rather than coprecipitation of arsenic and iron, because 
the effect is found even when the adjustment is carried out without arsenic present. 
 
 
DISCUSSION 
 
The reduction in arsenate adsorption densities of GIH media in batch studies could be 
attributed to the gradual transformation of amorphous iron oxide (i.e., ferrihydrite) to 
more stable crystalline iron oxides (i.e., goethite or hematite) [2, 4], which have lower 
arsenate adsorption capacities than amorphous ferrihydrite [2, 4-7]. These results suggest 
that rapid small-scale column tests (RSSCTs) may overestimate long term performance 
of iron-oxide based media. RSSCTs are potentially very valuable because they allow 
performance to be assessed on a time scale of weeks, rather than months or years [9]. 
While RSSCT tests allow for differing intra-particle diffusion rates in the small-scale and 
full-scale application, they do not allow sufficient time to media to transition to a lower 
affinity form during the short duration of the RSSCTs as it would during full-scale 
applications. The arsenate adsorption capacities of GIH media in packed bed systems 
may decrease during prolonged media use and may affect its cost-effectiveness. 
However, further packed-bed studies of arsenic removal using GIH of different ages are 
required to confirm this hypothesis. 
 5
The results of batch experiments studying the effect of pH adjustment on arsenate 
adsorption densities of GIH media indicated that 3 out of 4 samples showed increased 
capacity after pH adjustment. These results indicate the possibility of using pH 
adjustment as a means to restore arsenate adsorption capacity of iron-oxide based media 
with the adjustment having more effect on older media (which has lost more capacity). 
The benefits of the intermediate pH adjustment appear to persist for at least a week after 
the adjustment is completed. Further study is required to determine the cost-effectiveness 
of the pH adjustment process in prolonging the life of iron-oxide based media. 
 
 
Understanding how adsorption densities decrease with time may provide a basis for 
alternative column designs for arsenic treatment. For example, the common practice of 
operating two columns in series, a roughing column followed by a polishing column, may 
be inefficient. The polishing column would be exposed to water and undergoing phase 
transformation for a year before being put into service as the primary adsorbent. Thus 
much of its adsorption capacity may be dissipated while it is serving as the polishing 
column. In general, rather than designing with relatively long empty bed contact times to 
provide long run lengths, it may be more effective to design for very short contact times 
and use an alternative treatment process for polishing, such as ion exchange or a more 
stable adsorbent. 
 
 
CONCLUSIONS 
 
The arsenate adsorption capacity of GIH media was observed to decrease by 47 % (from 
6.0 mg As/g media to 3.2 mg As/g media) and 83 % (from 6.0 mg As/g media to 1.0 mg 
As/g media) for T9-month old media in batch studies, conducted at initial pH 4 and 7, 
respectively. Further studies are required to assess the decrease in arsenate adsorption 
capacity of GIH media in packed-bed systems. Media of different ages could be used to 
study the effect of media aging on arsenate adsorption capacity in continuous flow 
packed bed systems. In several experiments a pH adjustment process improved the 
adsorption density obtained by the media. Further study would be required to assess the 
size of this effect and the time for which the improvement in performance endures. 
 
 
ACKNOWLEDGMENTS 
 
This project was supported by grant # 3161 from the American Water Works Association 
Research Foundation (AwwaRF) and the University Research Initiative of the University 
of Texas at El Paso. The authors gratefully acknowledge El Paso Water Utilities for 
supplying the Bayoxide E33 media for this research work. 
 
 
 6
 7
REFERENCES 
 
[1] Driehaus, W., 2002. Arsenic Removal-Experience with the GEH Process in 
Germany. Water Sci. & Technol., 2:2:275-280.  
 
[2] Schwertmann, U. & Cornell, R. M., 2000. Iron Oxides in the Laboratory: 
Preparation and Characterization.  2nd ed. Weinhem: Wiley-VCH. 
 
[3] Fuller, C.C.; Dadis, J.A.; & Waychunas, G.A., 1993. Surface Chemistry of 
Ferrihydrite: Part 2. Kinetics of Arsenate Adsorption and Coprecipitation. 
Geochim. Cosmochim. Acta, 57:10: 2271-2282. 
 
[4] Baltpurvins, K.A.; Burns, R. C.; & Lawrance, G. A., 1996. Effect of pH and Anion 
Type on the Aging of Freshly Precipitated Iron (III) Hydrous Sludges. 
Envir.  Sci. & Technol., 30:939-944. 
 
[5] Andreeva, D. et al, 1995. Influence of Iron (II) on the Transformation of 
Ferrihydrite into Goethite in Acid Medium. Mater. Chem. & Phy., 41:146-
149. 
 
[6] Ford, R. G., 2002. Rates of Hydrous Ferric Oxide Crystallization and the Influence 
on Coprecipitated Arsenate. Envir.  Sci. & Technol., 36:2459-2463. 
 
[7] Jang, He-Hun. et al, 2003. Effects of Zn(II), Cu(II), Mn (II), NO3-, or SO42- at pH 
6.5 and 8.5 on Transformations of Hydrous Ferric Oxide (HFO) as 
Evidenced by Mossbauer Spectroscopy. Colloid & Surf. A: Physicochem. 
Eng. Aspects., 221:55-68. 
 
[8] USEPA (US Environmental Protection Agency), 2006. Trace Elements by 
ICP/Mass Spectrometry:  Method 200.8. 
<http://www.epa.gov/safewater/methods/inch_tbl.html>, Oct. 23.   
 
[9] Crittenden, J.C. et al, 1991. Predicting GAC Performance with Rapid Small-Scale 
Column Tests. Jour. AWWA, 83:1: 77-87. 
 
 
 
 
 
